The highly social (eusocial) corbiculate bees, comprising the honey bees, bumble bees, and stingless bees, are ubiquitous insect pollinators that fulfill critical roles in ecosystem services and human agriculture. Here, we conduct wide sampling across the phylogeny of these corbiculate bees and reveal a dynamic evolutionary history behind their microbiota, marked by multiple gains and losses of gut associates, the presence of generalist as well as host-specific strains, and patterns of diversification driven, in part, by host ecology (for example, colony size). Across four continents, we found that different host species have distinct gut communities, largely independent of geography or sympatry. Nonetheless, their microbiota has a shared heritage: The emergence of the eusocial corbiculate bees from solitary ancestors appears to coincide with the acquisition of five core gut bacterial lineages, supporting the hypothesis that host sociality facilitates the development and maintenance of specialized microbiomes.
INTRODUCTION
Social behavior is one of the great evolutionary innovations of life, permitting its adopters to realize novel organizational complexities and providing competitive advantages and fitness benefits to groups working together; these interactions have been fundamental to the origins of multicellularity (1), developmental specialization (2) , and culture and technology (3) . Sociality affects all aspects of an organism's biology, and there is accumulating evidence that this includes host-associated gut microbial communities as well. The reliability of transmission brought about by social contact potentially allows for stable, long-term microbial assemblages to establish and for host-adapted symbiont lineages to arise (4) (5) (6) (7) (8) (9) (10) . Nonetheless, how gut microbiomes evolvethrough changes in community composition, diversity, and functional capabilities-is not well understood, and the forces guiding these evolutionary trajectories remain unclear.
The eusocial Western honey bee (Apis mellifera) harbors a distinctive gut microbiota, composed of <10 bacterial phylotypes that are transmitted through contact between nestmates (11) (12) (13) . These bacteria are extremely specialized, usually found in bee guts or the hive environment but not elsewhere (14, 15) . However, A. mellifera is but one of more than 775 species of social corbiculate bees-a clade dating to about 80 million years and containing other ecologically important pollinators such as the Eastern honey bee (Apis cerana), bumble bees (tribe Bombini, all in genus Bombus), and stingless bees (tribe Meliponini) (16) . Previous studies found that diverse bumble bee species harbor gut associates related to those of A. mellifera (14, (17) (18) (19) (20) (21) , suggesting that an evolutionarily ancient microbiota is conserved among the eusocial corbiculates.
Here, we compare the gut microbiomes of honey bees (tribe Apini, all in genus Apis), bumble bees, and stingless bees-the three major groups of eusocial corbiculates-using samples collected from multiple locations on four continents (Fig. 1 ). This approach enables us to (i) define the normal gut microbiota of corbiculate bees, (ii) determine whether gut community structure is influenced by phylogenetic relatedness and geographic co-occurrence, (iii) infer shifts in the microbiota over host evolutionary history, and (iv) evaluate how host ecology shapes microbiome composition and diversity. We also use in vivo experiments with cultured bacterial strains to evaluate potential barriers to cross-host gut symbiont exchange. Our results show that, as with humans and several other social animals, the eusocial corbiculate bees have highly characteristic gut communities whose origins and maintenance may be facilitated by their social nature.
RESULTS
We examined the gut microbiota of 472 individual adult bees representing 25 species of corbiculates and two outgroup bee species (data file S1). The V4 region of the bacterial 16S rRNA gene was amplified and sequenced on the Illumina MiSeq platform, generating, on average, 26 ,672 reads per sample (range, 2313 to 80, 286) .
Corbiculate bees harbor a small, recurring set of bacterial phylotypes Gut communities were profiled at a depth of 1900 reads per sample. Despite the antiquity of this clade and the span of geographic regions, habitats, and nesting behaviors represented, the eusocial corbiculate bees have markedly low gut community diversity at 97% operational taxonomic unit clustering (OTU 97 ), with only 199 OTUs in total. Individual specimens have from 1 to 22 OTUs 97 [comparatively, humans have 500 to 1000 OTUs 97 (22) and termites have~10 2 to >10 3 , depending on species (7) ]. The same phylotypes [phylogenetically related OTUs, according to Martinson et al. (14) ] are found across diverse corbiculate species: For instance, OTUs corresponding to the genus Snodgrassella were detected in all Apis and Bombus species surveyed, as well as in 9 of 13 stingless bee species. Similarly, Gilliamella, Bifidobacterium, Lactobacillus Firm-4, and Lactobacillus Firm-5 are prevalent across the three major corbiculate clades, suggesting that these taxa comprise the core of the corbiculate gut microbiome ( Fig. 2 and data file S2). Some phylotypes appear lineagespecific: Bartonella apis (23) and Frischella (24) in honey bees, Bombiscardovia (25) and Schmidhempelia (26) in bumble bees, and an Acetobacter-like OTU in the stingless bees. These bacteria are largely absent in our outgroups, the solitary Centris atripes (an oil-collecting bee in a tribe that is sister to the corbiculates) and the miner bee Anthophora abrupta, and were also not found in other noncorbiculate bees and wasps (14) .
Gut communities differ among host species
Although low diversity and the presence of recurring phylotypes appear to be common characteristics uniting corbiculate gut communities, the microbiome of each host species remains distinctive when compared against that of other species. Principal coordinates analysis (PCoA) and nonmetric multidimensional scaling (NMDS) analysis of dissimilarities ( Fig. 3A and figs. S2A and S3) and unweighted pair-group method with arithmetic mean clustering (UPGMA) ( fig. S4) show clear separation between the three eusocial corbiculate tribes, with the greatest compositional variation within the Meliponini (PERMDISP, P < 0.001). Gut communities assorted according to host, rather than geography. For example, community makeup was not significantly different in A. cerana sampled across five countries (Fig. 3B ). Sympatric bee species maintain distinct gut communities ( Fig. 3C and fig. S2B ), despite having ample opportunities to swap microbes at shared floral resources, during hive robbing, or in construction of interspecific colonies (27) (28) (29) . Linear modeling corroborates the greater weight of host identity over sampling location in predicting gut community composition ( fig. S5 ; likelihood ratio test, P < 1 × 10 −15 ). These results do not rule out the existence of geographic factors but suggest that host identity is a much more important determinant of microbiome composition.
In East Asia, A. cerana has historically been the most economically important bee species, but introductions of A. mellifera, which produces greater honey yields, have recently become common (30) (31) (32) . These introductions, combined with the close genetic relationship and lifestyle of the two species, have facilitated a disastrous transmission of pathogenic microbes in both directions, with various mites, viruses, and microsporidian parasites devastating naïve hosts (33) . In 2007, A. cerana was inadvertently introduced to Australia at Cairns, Queensland, sparking concern for the existing apicultural industry based around A. mellifera (34) . Whether the normal gut microbiotas of the two species have also become homogenized was unknown. We analyzed samples of co-occurring A. mellifera and A. cerana in four countries in 2014, as well as of historical A. cerana samples from Cairns, and found the gut communities of A. mellifera and A. cerana to be clearly distinguishable ( Fig. 3C and fig. S2 ). This held true across different locations, implying the existence of persistent barriers to gut symbiont exchange between these closely related species.
Gut community evolution is dynamic
In terms of both phylotype prevalence and relative abundance, there is considerable variation in gut communities among bee species (Fig. 2) . To understand why different bees harbor different microbiomes, we examined how gut community composition varies with degree of host relatedness. A strong correlation between pairwise community dissimilarities and host divergence was found, with closely related species having more similar microbiomes ( Fig. 4A ; Mantel test, r = 0.782, P < 0.0001). This correlation persisted when controlling for geography (partial Mantel test, r = 0.753, P < 0.0001), whereas the effect of geography when controlling for host relatedness was minimal (partial Mantel test, r = 0.046, P = 0.0079).
These results suggest that host phylogeny is key to explaining gut community composition and that social corbiculate microbiomes (34, 60, 120, 121) .
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Host divergence ( In addition to the core members, other bacteria are often found in the corbiculate gut community. Some of these may be environmental in origin, acquired during foraging or from hive materials. However, others appear to be distinctively associated with particular hosts. One of the main differentiators between the A. mellifera and A. cerana microbiomes is the consistent presence of Apibacter in A. cerana (in 84.3% of individuals, compared to 4.8% in A. mellifera). Apibacter is also characteristic of the Apis dorsata microbiome (85.2% prevalence), albeit with a different strain from that found in A. cerana (data file S3) (35) .
Gains of microbiota lineages are also reflected in broader host clades. For instance, we detected B. apis in all sampled Apis species, but not in Bombus or the Meliponini, suggesting that B. apis is more host-restricted than Apibacter, which is found in bees across all three clades. The gains of new microbial lineages have been tempered by apparent losses. Of the 25 sampled corbiculate species, 13 lacked detectable levels of at least one core phylotype. The extremely low abundance of Snodgrassella in A. dorsata (0.3%) may be an example of a loss in progress, whereby a previously abundant gut symbiont is gradually eliminated. It is also possible that OTU prevalence fluctuates with host age or season (36) , for which further sampling is needed to ascertain.
Strain-level diversity is largely host-specific
Clustering highly conserved, slow-evolving genes such as 16S rRNA at 97% identity obscures strain-level variation. Strain-level variants can be a source of functional diversity (37, 38) and can represent specialists adapted to particular hosts or environments. For example, even though Snodgrassella strains occur in both Apis and Bombus, and are >98% similar in their 16S rRNA sequences, strains in one host are divergent from those in another and contain different genomic repertoires (39) .
Clustering at 99.5% identity (OTU 99.5 ) resolves a number of distinct strains within each phylotype, mainly assorting with host species ( Fig. 5 and data file S3). The presence of host-specific strains supports the hypothesis of a coevolved, vertically transmitted gut microbiota (18) and weighs against the idea that the microbiota passes freely between bee species.
The diversity of Lactobacillus Firm-5, one of the most ubiquitous and abundant members of the corbiculate microbiota, was examined at greater resolution by phylogenetic analysis of the protein-coding genes rpoA and tuf, cloned from individual bees ( Fig. 5 and figs. S7 to S9). We found that the diversity represented by previously characterized Firm-5 from A. mellifera (40-43) encompasses but a small portion of this bacterial clade ( Fig. 5 ) and that different host species tend to carry unique Firm-5 lineages. Closely related hosts generally harbor closely related strains, suggesting that some degree of host-microbe codiversification helps drive strain-level evolution ( fig. S10 ). Firm-5 strains also resolve into clusters that reflect higher host-level taxonomies (for example, strains from bumble bees, honey bees, and the Old World and New World stingless bees group separately), albeit with lower support at deeper nodes.
In A. mellifera and A. cerana, cloned Firm-5 sequences from a single sample fall across a range of phylogenetic positions, indicating cohabitation of multiple Firm-5 strains within individual bees (fig. S9). This was true even in A. cerana from Cairns, Australia, a highly inbred population founded by a single colony (34) . There was also no clustering discernible along intraspecies morphoclusters, which potentially represent different host genetic backgrounds (for example, A. cerana in Cairns versus that in Seoul) (44) . Hence, the entire diversity of a host-specific phylotype might be largely represented within a single bee colony regardless of geography, at least for A. mellifera and A. cerana.
Despite the high degree of observed host specificity, the phylogenetic association between Firm-5 and host bees is not perfectly congruent ( Fig. 5 and fig. S10 ), ruling out strict host-microbe codivergence. Gut microbiome evolution is complex and dynamic: Entire phylotypes can be gained and lost from host lineages, and it is likely that host switching of strains occurs at an appreciable frequency.
Generalist strains can colonize multiple hosts
Although host specificity appears to be prevalent, generalist strains can also be found in the corbiculate microbiota. A tuf gene phylogeny of Snodgrassella reveals clades in which closely related strains associate with multiple host species (Fig. 6A ). For example, similar strains are shared between the Asian honey bees A. cerana, Apis andreniformis, and Apis florea. Other recurring, related strains are found across some bumble bee clades (18) . These apparent generalists are useful for probing the barriers to gut microbe exchange and the phenomenon of host specialization.
A. mellifera does not naturally harbor Snodgrassella strains from A. cerana, A. andreniformis, or A. florea ( Fig. 5 ). To determine whether this segregation among hosts reflects the inability of strains to colonize other host species, we performed experiments using monoinoculations with cultured strains in germ-free workers of A. mellifera. The results show that cross-host microbe transfer is possible between Apis spp. (Fig. 6B ). In contrast, there was strict host fidelity in transfers between Apis and Bombus ( Fig. 6B ), as previously observed (39) . Hence, the barrier to host switching is not due to direct physiological incompatibility, at least between closely related hosts.
Despite the innate colonization potential of "foreign" strains, their absence in field-collected A. mellifera could also be explained if "native" strains are consistently superior competitors. We examined this hypothesis with co-inoculation trials ( Fig. 6C) . Surprisingly, all three foreign strains we tested were able to simultaneously colonize A. mellifera together with a native strain, albeit with different efficacies. Typically, only one strain became dominant in any single gut, but the native A. mellifera-derived strain was not always the most competitive. Varying the inoculation ratios by 10-fold produced shifts in final ratios of only~20% ( Fig. 6C ), suggesting that competitiveness is a robust trait not easily perturbed.
The apparent credibility of generalist lifestyles complicates our understanding of how bee species maintain distinctive gut communities. Other barriers may be important in enforcing host fidelity. Possibly, for instance, foreign strains may have greater difficulty invading the more complex, heterogeneous gut communities found under natural conditions. The absence of generalist strains colonizing distantly related hosts could also be due to differences in host physiologies that are too great to be bridged. Additionally, host behaviors or biogeographic distribution likely helps circumscribe the microbiota exchange opportunities between bee species.
Host ecology drives microbiota diversity
Causal factors behind large-scale trends in community diversity are often difficult to pinpoint. Our results suggest that the corbiculate gut provides a superb habitat for a distinctive set of bacterial colonists, yet there is substantial variation in gut community composition between bee species and between individuals within species. For instance, we find that gut communities in bumble bees are, on average, less diverse than those in honey bees ( Fig. 7A , nested ANOVA OTUs 97 , P = 0.0420; fig. S11, Shannon's H OTU 99.5 , P = 0.0045). Bumble bee gut communities are also more erratic than those of honey bees (Fig. 7B) , with individuals harboring communities ranging from having relatively even abundances to being dominated by a few phylotypes. For the stingless bees, there was significant variation between species in both diversity and evenness.
The species-area relationship (45) postulates that larger habitats harbor greater diversity. We examined total community size (absolute bacterial abundance) as a function of host size (length of average worker bee) and uncover a positive log-linear relationship in the corbiculates, whereby larger bees host more bacteria (Fig. 7C) comparing across all corbiculates ( Fig. 7D and fig. S12 ; F test, P > 0.05). However, weak positive correlations are found when the corbiculate clades are considered separately ( Fig. 7D and fig. S12 ; OLS) and when corrected for phylogeny ( Fig. 7D and fig. S12 ; PGLS). The peculiarities of host ecology may help explain these diversity patterns. Unlike honey bees and stingless bees, which grow by colony fission (46, 47) , bumble bee colonies are founded by single queens (48) , imposing potential bottlenecks on microbiota diversity. For yet unknown reasons, the Bombus gut microbiota also appears more prone to perturbation and displacement by environmental bacteria (19, 20, 49) , and despite their larger body size, bumble bees often form colonies that are orders of magnitude smaller than those of Apis or the Meliponini (10 1 to 10 2 versus 10 3 to 10 4 individuals). Hence, the effective "habitat size" for Bombus-associated microbes may be considerably smaller than that for Apis or the Meliponini, leading to lower overall gut community diversity ( Fig. 7A and fig. S11 ).
To test this hypothesis, consider that an analog to habitat size in such interconnected social systems may not simply be an individual bee but also the colony or the local host population among which microbes are shared among conspecific individuals. If this is true, bee species with larger colony sizes would be expected to have greater gut microbial diversity. In agreement, we find a strong correlation with gut community diversity when host bacterial load is adjusted by colony size (Fig. 8, A  and B ). Linear models suggest that both gut community size (or, collinearly, bee size) and colony size are significant predictors of gut microbiome diversity in the eusocial corbiculates ( Fig. 8C and fig. S13 ).
DISCUSSION
Recent years have seen a proliferation of studies on gut communities in efforts to understand the microbiota's role in the health and development of their animal hosts. However, scant attention has been paid to how the microbiota itself arises and evolves (50) (51) (52) (53) . The evolutionary context of a microbiome may reveal crucial insights not evident when focusing on a single host, but the complexity of most gut communities has thus far hindered this type of investigation. Here, we show that the corbiculate bees are a tractable system for studying changes in gut microbiota composition across a clade's evolutionary history.
We find that the emergence of the eusocial corbiculate bees likely coincided with their acquisition of five core gut bacterial lineages, Snodgrassella, Gilliamella, Lactobacillus Firm-4, Lactobacillus Firm-5, and Bifidobacterium (Fig. 4B ). This is supported by their widespread incidence in all three corbiculate groups examined (Fig. 2) , as well as by deeply branching divergences marking host-specific clades in some of these bacteria, notwithstanding occasional host switching (Figs. 5 and 6A and figs. S8 and S10). These bacteria are largely absent in our outgroup bees, although the presence of trace levels of Snodgrassella and Gilliamella (Fig. 2) could represent occasional horizontal acquisition from corbiculate bees or environmental pools of related strains [for example, Gilliamella-related Orbaceae strains are found in other insects (54, 55) ]. Gains of other bacterial lineages, as well as losses of existing ones, appear to happen with frequency. For instance, we identify a recurring Acetobacter-like OTU associated with many, but not all, Meliponini bees. This OTU also matches sequences recovered from African stingless bees (18) , suggesting that this uncharacterized bacterium is affiliated with a breadth of stingless bee diversity but has been lost in some host lineages. When explaining microbiota composition in extant corbiculate species, a variety of potential mechanisms should be considered. Although conspecific transmission of gut symbionts has been experimentally demonstrated in honey bees and bumble bees (12, 18) , strict host-microbe codiversification is unlikely the norm. The gain of a gut symbiont in a host clade may have occurred more recently than in the last common ancestor, with the observed distribution resulting from promiscuous cross-host transfers rather than codivergence. Greater phylogenetic scrutiny at the strain level will help decipher the signatures of host switching, coevolution, and independent introductions, and their roles in shaping the dynamic corbiculate microbiome.
Regardless of the mechanistic details of these processes, the outcomes are divergent microbial communities most strongly distinguishable by host of origin ( Fig. 3 ). Similar observations have been made in mammals and other social insects, where vertical inheritance is thought to play a large role in gut community assembly (8, 50, 52, 56, 57) . It is also probable that, through both neutral and adaptive mechanisms, the microbiota differs between allopatric bee populations (11) . However, given our sample sizes and level of phylogenetic resolution, we did not detect a strong effect of geographic location on microbiota composition or strain diversity ( Fig. 3 and figs. S2, S3, S5, and S9B ). An analysis of Snodgrassella and Gilliamella 16S rRNA gene sequences across Bombus and Apis hosts by Koch et al. (18) also found poor correlation with geography, with a small significant effect present only in Gilliamella.
Within host species, there are instances of variable prevalence of the core microbiota members, suggesting that particular hosts may be more prone to compositional shifts influenced by geography, colony of origin, food resources, or physiological status. This intraspecific variation seems to be more pronounced in bumble bees and in some species of stingless bees. For instance, Gilliamella was prevalent in Bombus bifarius from Utah, but not that from Colorado (Fig. 2) , Fig. 2 and fig. S1 ; boxes and whiskers represent 25th to 75th and 5th to 95th percentiles, respectively, of individual samples within each bee species; bar indicates median. See fig. S11 and S12 for additional plots. and there was differential presence of Snodgrassella and Parasaccharibacter in Tetragonula carbonaria between two collection sites (data file S2). Similarly, a previous survey of Australian stingless bees found that microbiomes differed between colonies (58). Compared to Apis and Bombus, the stingless bee microbiome appears to span a much greater range of possible states, being highly variable in composition, richness, and evenness (Figs. 2, 3A, and 7, and figs. S1 and S2). Perhaps not coincidentally, the Meliponini are also the most diverse of the corbiculate groups, comprising~500 species in~50 genera (59, 60) compared to~9 in Apis and~250 in Bombus (48) . The variability found in the Meliponini microbiota may be an evolutionary hallmark of their hosts' correspondingly diverse life histories, morphologies, and behaviors (60) . A fourth corbiculate tribe, the Euglossini (orchid bees), contains species with differing degrees of social organization, from solitary to communal (61), but their microbiomes remain uncharacterized.
Host sociality facilitates the development of heritable microbial communities by providing a semiclosed system with reliable transmission routes between host "islands" of similar environments. There is evidence for this in some clades of primates, rodents, and ants (8-10, 62), but asocial hosts, such as Drosophila (55, 63), generally lack characteristic gut microbiotas unless particular adaptations are adopted (for example, maternal transmission and environmental filtering) (64, 65) . Longterm, transgenerational habitat stability becomes a suitable backdrop against which microbial specialists can evolve to best exploit emergent niches. For example, the transition to sociality in the wood roaches/ termites enabled the development of a nutritionally specialized gut microbiota and a shift from an omnivorous to a wood-based diet (7, 66, 67) . The corbiculate bee microbiota also appears to be metabolically optimized toward its host's diet, with symbiont lineages such as Gilliamella, Lactobacillus, and Bifidobacterium able to enzymatically break down and ferment the sugars found in pollen, honey, and nectar (37, 39, 43, 68, 69) . Other gut bacteria have specialized to particular physical locations, including Snodgrassella, which occupies the gut wall of the ileum (70); Frischella, which colonizes a small section of the pylorus (71); and Para-saccharibacter, which is found in relative abundance in larval food and worker hypopharyngeal glands (72) .
In addition to opening up new niches for novel bacterial lineages, a stable gut habitat may promote strain-level diversification within existing community members by fostering large bacterial population sizes through which diversity can be maintained (73) . The degree to which this diversity is functional or neutral is unknown (37, 74) , but strain-level variants are common features of gut communities (38, 75) . In animals and plants, taxon richness is often a function of habitat size, as modeled by the species-area relationship S = c × A z or S = log(c × A z ), where S is a measure of diversity (for example, species or OTU richness), c is a constant particular to the system in question, A is the habitat size, and z is the correspondence between S and A (slope in log space) (45) .
This relationship has been observed in some free-living microbial systems (76-78) but has been largely ignored for gut microbiomes, partly due to the lack of a direct analog to the habitat size metrics (for example, area) used for macroorganisms. Gut volume has been considered (79), as has body weight, as in a previous study that found no relation between microbiota diversity and weight of host individuals within a single bumble bee species (80) . Here, we compare across corbiculate bee species and find a weak correlation with microbiota diversity by using absolute community size or bee size as proxies for habitat size (Fig. 7D and fig. S12 ). However, these proxies are incomplete: In social organisms, individuals are constantly exchanging microbes such that, if we wish to compare between host species, a meaningful habitat scale is likely larger than the gut of any individual. A more accurate measure would take into account host characteristics (for example, colony size, migration, degree of social interactions, and bottlenecking effects) so that the time-averaged suitable habitat for a microbial community to evolve within is approximated-a "nominal habitat size."
We find support for this idea by showing that the inclusion of bee colony size as an explanatory factor greatly improves the correlation with microbiome diversity (Fig. 8 and fig. S13 ). Hence, we propose that a species-area relationship for host-associated microbiomes may be expressed as S = c × H z , where nominal habitat size (H) is proportional not only to the metrics of individual hosts (for example, body size) but also to the particular characteristics of the host species. If such a relationship holds, then a better understanding of host biology, including life history and population structure, will be a key component toward explaining ecological patterns in gut microbial communities. Larger H may increase microbial population sizes, decreasing extinction and maintaining neutral variation, or give rise to allopatric diversification due to incomplete mixing and emergence of novel niches (81) . However, we note that habitat size itself may only be one of many forces that influence the observed trends and may not be the factor that is most directly responsible. Further work will be needed to uncover the underlying mechanisms that drive microbial species-area relations and to help unite a long-standing macroecological concept with microbiome biology.
Although not examined in this study, the social nature of the corbiculates also presents opportunities to investigate the effect of caste (82, 83) and differing social organizations (84) on microbiome composition. Sociality alone is not enough for the establishment of host-specific microbiotas, as exemplified by the lack of consistent microbiomes in some clades of ants and bees (8, 84, 85) . Measuring the contributions of additional factors, such as behavior and diet, will be necessary to better understand the evolution of persistent host-microbe associations.
Other fundamental yet understudied aspects of microbial ecology and evolution (51, 53, 86) await examination from the perspective of gut communities. For example, it is unclear what barriers prevent the spread of generalist strains into bees that have more specialized microbiomes ( Fig. 6) . Interaction between the microbiota and foreign invaders, such as parasites, and disease states is another area that remains poorly understood (87, 88) . A major advantage of the corbiculate bee microbiome is its amenability to experimental hypothesis testing using cultivated strains and microbiota transplants. Together with a relatively low complexity compared to mammalian systems (22, 89) , this makes the study of microbiome evolution in bees a feasible endeavor, with the potential to provide novel insights into the symbiotic gut communities of social animals.
CONCLUSION
We collected bees at multiple sites across four continents. A small, recurring set of bacteria was found across the eusocial corbiculates, including within the previously sparsely sampled stingless bees. Microbiome composition strongly aligned with host identity, more so than with geographic origin, and closely related hosts had more similar microbiomes. We show that bee microbiome evolution is dynamic, with multiple gains and losses of bacterial lineages; nonetheless, a core corbiculate community exists, the acquisition of which coincides with the origin of eusociality. Within bacterial lineages, strain-level diversity is common and mostly host-specific. How this host specificity is maintained is unclear, but we are able to test hypotheses, such as host incompatibility and interbacterial competition, using in vivo microbiota transplant experiments.
There are large-scale patterns in bee gut community diversity. For instance, we discovered that bumble bee microbiomes are less diverse and more erratic in composition than those of honey bees. Microbiome diversity was weakly correlated with gut community size and bee size and more strongly associated with bee colony size. These findings indicate that host ecology drives large-scale trends in microbiome diversity and that a form of species-area relationship may be applicable to gut communities.
Overall, this study offers evidence that vertical inheritance, through social contact, is a major force that shapes the corbiculate bee microbiome over the clade's evolutionary history. Our results support the emerging hypothesis that host sociality facilitates the development and maintenance of specialized microbiomes by providing favorable ecological conditions and reliable transmission mechanisms.
MATERIALS AND METHODS

Specimen collection and identification
Adult worker bees were obtained from sites across seven countries (Australia, Malaysia, Singapore, Hong Kong, South Korea, United States, and Brazil), mostly between May 2013 and October 2014 (data file S1). Specimens were kept in 100% ethanol or frozen at −80°C for DNA preservation. For a subset of samples, the guts were removed, homogenized, and then frozen in 19% glycerol, allowing for preservation of live bacteria from which strains were later isolated.
Of the approximately nine recognized Apis species, the five most common species were collected. Both the Neotropical and Indo-Malay/Australasia clades of the diverse stingless bees (90) were sampled, including species used in commercial meliponiculture such as Heterotrigona itama, Geniotrigona thoracica, and T. carbonaria (91, 92) . Bumble bees were collected from sites in the United States (Colorado, New Jersey, Texas, and Utah) and included new samples and samples from the study of Powell et al. (93) . As outgroups for comparative analyses, we obtained specimens of C. atripes [tribe Centridini, a close relative of the corbiculates (94)] and A. abrupta [tribe Anthophorini, which is a more distant outgroup but still belongs to the "Apine line" of subfamily Apinae (95)]. Where available, sympatric bees were collected at the same time and location.
Bee species were identified by morphology. For most stingless bee samples, the mitochondrial 16S rRNA gene was also sequenced, following Rasmussen and Cameron (90) . For C. atripes and A. abrupta, the 28S rRNA gene was sequenced, following Martins et al. (94) . Sequences were classified on the basis of the closest BLAST hits in the GenBank nonredundant (nr) database (data file S1). To verify that samples classified as the same species were related, phylogenies based on their sequences were built and inspected in Geneious R9 (Biomatters Ltd.).
DNA extraction
DNA was extracted with a protocol adapted from Powell et al. (12) . Entire guts were removed from bee abdomens and crushed in 100 ml of CTAB buffer [0.1 M tris-HCl (pH 8.0), 1.4 M NaCl, 20 mM EDTA, and cetrimonium bromide (20 mg/ml)], resuspended in a total of 728 ml of CTAB buffer and 20 ml of proteinase K [20 mM tris-HCl, 1 mM CaCl 2 , 50% glycerol, and proteinase K (20 mg/ml)], and transferred to a capped vial containing 500 ml of 0.1-mm Zirconia beads (BioSpec Products Inc.). 2-Mercaptoethanol (2 ml) and 2 ml of RNase A cocktail (Invitrogen Corp.) were added, and samples were bead-beated for 3 × 2 min. Samples were digested overnight at 50°C before the addition of 750 ml of phenol/chloroform/isoamyl (25:24:1, pH 8.0). Samples were mixed and centrifuged for 15 min at 4°C and 20,000g. The aqueous layer was removed, and the DNA was precipitated at −20°C for 0.5 hours with 700 ml of isopropanol and 70 ml of sodium acetate (pH 5.3). Precipitated samples were spun at 4°C at 20,000g for 30 min, and the supernatant was decanted. DNA pellets were washed with −20°C ethanol and spun for an additional 5 min at 4°C. The ethanol wash was removed by pipetting, and the DNA pellets were dried at 50°C and then resuspended in 50 ml of water. Final DNA samples were stored at −20°C.
16S rRNA gene amplification and sequencing
Extracted DNA samples were quantified fluorometrically (Qubit, Thermo Fisher Scientific Inc.) and then diluted to 10 ng/ml for use as PCR template. For all Bombus samples and samples prefixed with "WKsample" (data file S1), Illumina barcoded primers, designed according to Caporaso et al. (96) , were used to amplify a 291-base pair (bp) fragment encompassing the V4 region of bacterial 16S rRNA. Triplicate 25-ml reactions were run for 25 to 30 cycles of amplification at an annealing temperature of 65°C, using 1 ml of DNA template and the NEBNext DNA Library Prep Master Mix according to the manufacturer's protocols. The PCR products were cleaned using AxyPrep Mag PCR Cleanup (Axygen Scientific Inc.) with 0.8× volume of beads to remove primer dimers. Samples were pooled to equimolar concentration and sequenced on the Illumina MiSeq 2 × 250 bp platform with primers Read1F (5′-TATGGTAATTGTGTGCCAGCMGCCGCGGTAA), Read2R (5′-AGTCAGTCAGCCGGACTACHVGGGTWTCTAAT), and Index (5′-ATTAGAWACCCBDGTAGTCCGGCTGACTGACT).
For samples prefixed with "A" (data file S1), the Illumina Nextera kit was used for library preparation of V4 region amplicons generated with the adapter-primer pairs Hyb515F_rRNA (5′-TCGTCGGCAGCGT-CAGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGGTA) and Hyb806R_rRNA (5′-GTCTCGTGGGCTCGGAGATGTGTA-TAAGAGACAGGGACTACHVGGGTWTCTAAT), using the above amplification protocol; these were then sequenced on the Illumina MiSeq 2 × 250 bp platform. The two primer sets are designed to amplify 251 and 252 bp (excluding primer sequence), corresponding to the V4 region of Escherichia coli 16S rRNA, which completely overlap save for 1 bp at the 5′ end. All sequencing was performed at the University of Texas Genomic Sequencing and Analysis Facility.
Reads were demultiplexed on the basis of the barcode sequences, allowing for one mismatch. Control samples using purified DNA from E. coli K12 or a synthetic bee gut community, composed of G. apicola wkB1, S. alvi wkB2, and Lactobacillus Firm-5 wkB8, were included in each sequencing run. Between 2313 and 80,286 reads were acquired for each sample.
16S rRNA-based gut community analysis Demultiplexed reads were processed on the QIIME 1.9.1 pipeline (97). The following scripts were run sequentially: join_paired_ends.py with the SeqPrep option to join forward and reverse reads; split_libraries_ fastq.py for quality filtering set at phred q ≥ 30, maximum N = 0, and read length fraction minimum of 0.8; and read_length_filter.py to retain only reads between 230 and 270 bp (expected read length of 250 bp after primer trimming). For 97% OTU clustering (OTU 97 ), pick_de_novo_otus.py was used with default settings (uclust algorithm) and taxonomy assignment based on the Silva119 reference database (98) . Sequences were then checked for chimeras with ChimeraSlayer in QIIME 1.9.1. Each sample was further filtered to remove OTUs that comprise ≤0.5% of reads (due to potential misassigment of barcodes between samples during multiplexed sequencing). Each sequence comprising this final set of representative OTU 97 sequences was then manually checked by BLAST against the GenBank nr database to refine taxonomic assignment (data file S2).
For 99.5% OTU clustering (OTU 99.5 ), de novo OTU picking was done with pick_otus.py and pick_rep_set.py using default settings (uclust algorithm). Singleton OTUs were filtered out, as were samples with read depths of less than 5000. Remaining samples were then rarefied to 5000 reads. OTU 99.5 taxonomy was assigned with parallel_ assign_taxonomy_blast.py using the manually refined taxonomy from OTU 97 as reference. Representative sequences from OTU 97 16S rRNA clustering were deposited in GenBank (data file S4), and representative sequences from OTU 97 and OTU 99.5 clustering are presented in data file S5.
To determine relative abundance and prevalence of bacterial taxa in Fig. 2 , nonbacterial OTUs were removed from the OTU 97 table, and remaining OTUs were removed from the OTU97 table, and remaining OTUs were subsumed into broader categories based on phylogenetic relatedness (see data file S2). In Fig. 3 and fig. S2 , PCoA ordinations on binary Sørensen-Dice dissimilarities of samples at the OTU 97 clustering were determined in QIIME 1.9.1. To test for group similarities, ANOSIM using 999 permutations was performed in QIIME 1.9.1. The ANOSIM test statistic R indicates group similarity, where 0 = indistinguishable and 1 = dissimilar. NMDS ordinations on the Sørensen-Dice dissimilarity matrices were generated with the metaMDS function in the "vegan" package for R v.3.2.2 (99, 100) .
Diversity metrics (number of unique OTUs, Shannon's H, and Shannon's E) were calculated in QIIME 1.9.1 ( Fig. 7 and figs. S11 and S12). At OTU 99.5 clustering, Shannon's H is superior to OTU counts as a measure of diversity because clustering at this level results in OTU count inflation from sequencing errors; Shannon's H places less weight on low-abundance (potentially erroneous) OTUs. To test for diversity differences between groups (Fig. 7A and fig. S11 ), nested ANOVA was conducted in R v.3.2.2, with species as subgroups. To test for differences in group variation (Fig. 7B) , Levene's test in the "car" package for R v.3.2.2 was used (101) . Worker size (length in millimeters) and bee colony size represent mean of size ranges reported in the literature (table S1).
Absolute bacterial quantification
A subset of samples (data file S1) was selected for quantification of 16S rRNA gene copy number, as a proxy for the number of bacteria present per bee gut. qPCR using universal bacterial 16S rRNA gene primers was performed as in the work of Cariveau et al. (19) . Standards were cloned into pGEM-T Easy vector (Promega Corp.), linearized with Apa I, and fluorometrically quantified before generation of standard curves.
Ancestral microbiome reconstruction
To estimate the changes in microbiome composition over corbiculate bee evolution (Fig. 4B) , a presence/absence matrix of Snodgrassella, Gilliamella, Lactobacillus Firm-4, Lactobacillus Firm-5, Bifidobacterium, B. apis, Frischella, Bombiscardovia, Schmidhempelia, and the Acetobacterlike OTU was mapped against the host phylogeny (cladogram). Taxa with <1% abundance and <20% prevalence (Fig. 2) were considered absent. Gains and losses across host lineages were determined by asymmetrical Wagner parsimony in Count v. 10 .04 (102) with gain and loss penalties of 1.5 and 1, respectively.
The true phylogeny of the corbiculate bees and related taxa is not well resolved. Although the species relationships within Apis and Bombus and the reciprocal monophyly of Bombini and Meliponini are generally accepted, the relationships within the Meliponini, as well as the placement of the Euglossini with respect to the other three corbiculate tribes, are contentious (103) . The host taxa relationships presented here (Figs. 4 and 5) were obtained by joining the results of multigene phylogenies within Apis (104), Bombus (105, 106), and the Meliponini (90), together in a supertree based on their most highly supported relations with each other and with the outgroups (94, 103, 107) . For bee species that were not included in these previous studies, placement was based on that of their respective genera. Because these data sources are not directly comparable, phylogenetic distances were omitted from these analyses.
Microbiome dissimilarity and host relatedness
The impact of host phylogeny on microbial community dissimilarity was investigated using a Mantel test of correlation between matrices of pairwise Sørensen-Dice dissimilarities and host divergences in the "vegan" package in R v.3.2.2 with 10 4 permutations (99) . Because phylogenetic distances or divergence times were not available for our sampled bee species, a nodal distance approach based on the work of Webb (108) was used, whereby the number of nodes separating bee species on our tree (Fig. 4B ) was counted as a proxy for host divergence. Although this method only gives a relative measure of divergence and is subject to sampling bias effects (108) , it enables analysis with a tree topology that is consistent with that of published reports.
We performed partial Mantel tests to determine the correlation between microbiome dissimilarity and host phylogeny while controlling for geography and the correlation between microbiome dissimilarity and geography while controlling for host phylogeny. A geographic distance matrix generated from sample collection locations was used; 10 4 permutations were run for each analysis.
Linear models testing
To further examine the contributions of geography and host identity on microbiome composition ( fig. S5 ), linear mixed-effects models were generated with the lmer function in the "lme4" package for R v.3.2.2 (109) . The NMDS coordinates of each sample ( fig. S3A ) were used as proxies for microbiome composition. "Locations" were designated as collection sites within approximately 15-km-radius regions. To test for the contributions of host identity, host body size, bee colony size, and microbiota community size on microbiome diversity ( fig. S13 ), linear models were generated with the lm function in R v.3.2.2. Bee body sizes and colony sizes were obtained from literature sources (table S1). Samples where diversity values (number of OTUs 97 , Shannon's H) or bee colony size information were not available were excluded from the analysis. Optimal model selection using Akaike's Information Criterion was performed with the model.sel function in the "MuMIn" package for R v.3.2.2 (110) . The goodness of fit between alternative models was tested with the ANOVA likelihood ratio test in R v.3.2.2.
To account for the effects of phylogenetic nonindependence in comparisons of species-level covariates (Figs. 7, C and D, and 8 and fig. S12 ), PGLS analyses were conducted in addition to OLS tests. The bee phylogeny was obtained as described above, with all internal and terminal branches set at equal lengths. The packages "ape" (111), "geiger" (112), "nlme" (113), and "phytools" (114) for R v.3.2.2 were used to construct and test PGLS models with the gls function under a Brownian motion model of evolution (l = 1).
Phylogenetic analysis of Lactobacillus Firm-5 and Snodgrassella alvi
To obtain greater phylogenetic resolution of the Lactobacillus Firm-5 group, two conserved single-copy genes were cloned and sequenced.
The gene encoding ribosomal polymerase a subunit, rpoA, was amplified with primers wk121 (5′-GAATTTGAAAAACCAAATATTAC-CG) and wk122 (5′-CGTACACGCATCATATCTGC), whereas the gene encoding translation elongation factor Tu, tuf, was amplified with wk123 (5′-GAACAAAGCCACACGTAAAC) and wk124 (5′-GAC-CAGCACCAACAGTACGA). These produced products of 815 and 1103 bp, respectively. Primers were designed to be specific for Firm-5 sequences, on the basis of existing genomes for this clade (42, 43) , and for other Lactobacillus species (115) .
For S. alvi, tuf was amplified with primers wk135 (5′-TGGCTAAA-GAAAAATTCGAGCGG) and wk136 (5′-AAGCGATAACTTTAG-CAACCACAC), producing a 1141-bp amplicon. There are two tuf copies in S. alvi genomes.
PCRs were carried out using Phusion polymerase (New England Biolabs Inc.) and the following cycling conditions: initial denaturing at 98°C for 30 s; 30 cycles at 98°C for 10 s, at 60°C for 20 s, and at 72°C for 30 s; and a final extension at 72°C for 2 min. PCR products were cleaned using AxyPrep Mag PCR Cleanup (Axygen Scientific Inc.), A-tailed with Taq polymerase (New England Biolabs Inc.), and cloned into pGEM-T Easy vector (Promega Corp.). The resulting plasmids were electroporated into E. coli DH5a, and colonies carrying inserts were identified by blue-white screening. Cloned inserts were sequenced by the Sanger method using vector-specific primers T7 and SP6.
Forward and reverse sequences were assembled, and ambiguities were manually corrected in Geneious R9 (Biomatters Ltd.). A total of 184 and 55 MUSCLE-aligned tuf sequences were used for Firm-5 and S. alvi phylogenetic analysis, respectively (figs. S7 and S8). Appropriate models of evolution were determined using jModelTest2 (116) . Phylogenies based on Bayesian inference were produced with MrBayes 3.2 (117) using GTR+gamma+inv for each codon position, a run-time of 2 × 10 7 generations with tree sampling every 1000 generations, and a burn-in of 0.25. Convergence of Bayesian Markov chain Monte Carlo runs was assessed with AWTY (118) . For maximum likelihood analyses, the GTR+gamma+inv model was used for each codon position in RAxML v8 (119) with 1000 bootstrap replicates. For Lactobacillus Firm-5 rpoA ( fig. S9A ), a total of 46 MUSCLE-aligned sequences were used to build phylogenies as above, except a 2 × 10 6 generation run-time with tree sampling every 500 generations was used in the Bayesian analysis.
Isolation of gut symbiont strains
Frozen glycerol stocks of homogenized guts were plated out on heart infusion agar or Columbia agar supplemented with 5% sheep's blood (Hardy Diagnostics) and incubated at 35°C and 5% CO 2 for 3 to 7 days. Colonies were screened by colony PCR to identify S. alvi, using primers described in previous studies (14, 18) . Follow-up sequencing of 16S rRNA genes using the universal primers 27F and 1492R was used to confirm the identity of isolates (54) .
Colonization and competition assays S. alvi strains isolated from A. mellifera (wkB2, wkB332), A. cerana (wkB298), A. florea (wkB273), A. andreniformis (wkB237), and Bombus bimaculatus (wkB12) were used to colonize laboratory-reared A. mellifera. Approximately 10 2 cells were fed to germ-free, newly emerged workers; after 5 days, CFUs were counted, as in Kwong et al. (39) .
For competition assays, germ-free, newly emerged A. mellifera workers were co-inoculated with two strains of S. alvi, as described by Kwong et al. (39) . Bees were fed~10 6 cells in 1:1 ratios of strains derived from A. mellifera (wkB2 or wkB332) and those from other Apis species. To determine the effect of the initial dosage on strain competitiveness, ratios of 1:10 and 10:1 were also used in a subsequent assay between wkB2 and wkB298/wkB273. Strains were differentiated by transferring colonies onto blood heart infusion agar plates with tetracycline (25 mg/ml). Strains wkB2 and wkB332 are tetracyclineresistant, whereas the other strains are susceptible. Count data are presented in table S2.
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